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Abstract A new approach is proposed for the evaluation of 
the brittleness of heat-treated Styrax tonkinensis wood. 
Heat treatment made wood more brittle when wood was 
heated at a higher temperature or for a longer time. The 
brittleness increased to four times that of the control when 
wood was heated at 200°C for 12 h. For treatment at 160°C, 
the increase in brittleness without any change in weight is 
thought to be possibly caused by the relocation of lignin 
molecules. At higher temperatures, loss of amorphous poly¬ 
saccharides due to degradation is thought to become the 
main factor affecting brittleness. The crystallites that were 
newly formed after 2 h of treatment showed brittleness that 
was different from that of the inherent crystallites remain¬ 
ing after 12h of heat treatment. This inherent crystalline 
cellulose possibly plays a role in brittleness. There is also 
the possibility of using color to predict the brittleness of 
heat-treated wood. 
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Introduction 

Brittleness is one of the mechanical properties of wood, 
which is characterized by sudden breaking at relatively 
small deflection across the grain. Because of its danger, high 
attention should be paid to preventing possible accidents 
while loading. Although Koehler 1 noted this phenomenon 
a long time ago, there is still no method to measure brittle¬ 
ness other than toughness. From the view of material me¬ 
chanics, wood is considered to be an elastoplastic material 
and brittleness can be interpreted as the elastic region in 
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wood. However, by using toughness, with the energy (work) 
required to cause rapid complete failure in a centrally load¬ 
ed bending specimen, 2 it is not only difficult to clarify the 
ratio between elastic and plastic regions, which is regarded 
as its brittle character (see Fig. 1), but it is also difficult to 
evaluate the brittleness in such cases as that of the same 
toughness but with different deformation. 

Toughness changes after heat treatment for a short time 
in air or at less than 120°C as discussed elsewhere. 134 Kubo- 
jima et al. 5 have also reported in detail on the toughness of 
Sitka spruce heated at 160°C in N 2 gas. However, the brittle¬ 
ness of heat-treated wood and its main factors have not 
been fully studied so far. 

The structural properties of wood are reported to change 
as a result of heat treatment. 6 ' 7 With the role of providing a 
rigid frame for wood strength, changes in crystallinity may 
contribute to its brittleness. In addition, brown rotted wood 
is customarily brittle, 8 which also suggests that lignin plays 
some role in its brittleness. 

The decay resistance of the low-durability wood of 
Styrax tonkinensis was improved by heat treatment, 9 but 
we still do not know whether it is safe to use in structural 
housing because of the danger of its brittleness. This study 
investigated the brittleness of wood heated in N 2 gas from 
160° to 200°C for 2-12h. Structural changes, lignin content, 
and color were examined to elucidate the effect of heat 
treatment on the brittleness of S. tonkinensis wood. 


Materials and methods 

Materials 

Twelve-year-old Styrax tonkinensis logs were sawn and 
kiln-dried at a maximum temperature of 70°C to a moisture 
content of 10% ± 2%, and then were cut to the board di¬ 
mensions of 25 (tangential, T) x 700mm (longitudinal, L), 
with variation in the radial (R) direction of 110-180mm. 
The specimens for the brittleness test were carefully cut to 
the dimensions of 10 (R) x 10 (T) x 200 mm (L). Further- 
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more, specimens with dimensions of 25 (R) x 2 (T) x 40 mm 
(L) were prepared for X-ray measurements. To standarize 
the specimens, we selected the radial boards from clear 
wood with the same annual ring width of about 1 cm from 
the 8th ring to the 12th ring. 

Heat treatment 

To prevent oxidation from occurring during the heating 
process (e.g., weight loss of the wood powder by thermal 
degradation was about 20% in air compared with 13% in 
N 2 gas in our thermogravimetry pretest), heat treatments 
were performed in N 2 gas using the same procedures as de¬ 
scribed in our previous report. 9 The heating times were 2, 
4, 8, and 12 h at 160°, 180°, and 200°C, respectively. 


Weight loss by heat treatment 

The weight loss was calculated based on the dried weight 
of the bending test samples before ( m ol ) and after ( m 02 ) heat 
treatment as shown in Eq. 2: 

Weight loss = m ° l ~ m ° 2 x 100 (%) (2) 

m oi 

where m m is the dried weight of specimen before heating 
calculated based on its weight and the equilibrium moisture 
content (EMC), and m 02 is the oven-dried (105°C for 2 days) 
weight of the heat-treated specimen after the bending 
test. 

X-Ray diffractometry 


Brittleness test 

From the load-deflection curve of static bending (Fig. 1), 
brittleness was calculated by using the ratio (%) of the work 
absorbed in the elastic region to the total work absorbed to 
maximum load, as shown in Eq. 1: 

Brittleness =- Ar6a 1 -xl00(%) (1) 

Area 1+ Area 2 

The proportional limit was decided by drawing a linear cor¬ 
relation curve using data from 0% load to the limit value 
(correlation coefficient R 2 = 0.999). The static bending test 
was performed using center-point loading over a 140-mm 
span with the load applied in the tangential direction. The 
cross-head speed was lmm/min. All tests were conducted 
using an Instron 4202 testing machine. For each heating 
condition, we used ten specimens that were equilibrated in 
a room conditioned at 20°C and 65% relative humidity for 
1 month before testing. Untreated Cryptomeria jciponica 
was used as a reference species because of its wide use as a 
construction material in Japan. 



X-Ray diffractometry was achieved by the symmetrical re¬ 
flection method using a Rigaku RINT diffractometor with 
CuKa rays generated by 30 kV and 40 mA. The sampling 
time was 20s with a step angle of 0.1°. The crystallinity in¬ 
dex was calculated by the ratio of the integral intensity of 
the crystalline portions (planes: 110, 110, 200, and 004) to 
the total intensity of the sample over the range 26 = 10° to 
40°. The crystallite size, that is, the mean dimension of the 
crystallites perpendicular to the planes (200), was calculated 
by Scherrer’s equation. 10 Five specimens of each condition 
were equilibrated in the conditioning room for 6 months 
before the X-ray test. 

After X-ray measurements, specimens were oven- 
dried at 105°C for 2 days to determine the moisture content. 
This value was considered as the EMC of heat-treated 
wood in this study. Prior to the X-ray measurements, we 
investigated the effect of moisture content on crystallinity 
index. Ten untreated S. tonkinensis specimens were equili¬ 
brated at 20°C in a relative humidity of 65% and then 35%, 
which corresponds to EMC values of 9.2% and 7%, respec¬ 
tively. A minor increase in the crystallinity index (about 
0.006 in absolute value or equivalent to 2% in relative 
value) was observed. EMC values ranged from 9.2% for 
the control to as low as 4.2% for heat-treated wood 
(see Table 1). This 5% difference in moisture content is not 
large enough to substantially affect the crystallinity index. 
Therefore, we are still able to use the crystallinity index of 
heat-treated wood with different EMC values for compari¬ 
son purposes. 


Lignin content determination 

Lignin content was determined by the Klason method with 
a slightly modified procedure as described in our previous 
report. 9 Lignin content is the sum of acid-insoluble Klason 
lignin and acid-soluble lignin, calculated based on the oven- 
dried weight of wood. 


Fig. 1. Relationship between load and deflection 
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Deflection (mm) 

Fig. 2. Changes in load and deflection during the bending test. Heat 
treatments were carried out for 12 h 


Color test 

The color test (CIE Lab, JIS Z 8729) was carried out using 
a Topscan TC-1800 color analyzer and dried wood powder 
in tablet form. The 2-cm-diameter tablets were made using 
0.5 g of dried wood powder (63 pm particle size) loaded by 
2 tons for 3 min. 


Results and discussion 

Brittleness 

The relationships between load and deflection while bend¬ 
ing of untreated wood and wood treated at 160°, 180°, and 
200°C for 12 h are shown in Fig. 2. Brittleness was signifi¬ 
cantly changed after heat treatment. With larger specimen 
size and a loading speed that was one quarter of that in the 
work of Kubojima et al., 5 the elastic region was more clearly 
distinguished. The work absorbed in the elastic region at 
160°C was increased slightly, but for most cases this value 
seemed to be unchanged compared with the control. Figure 
3 shows the effects of heat treatment conditions on brittle¬ 
ness. Untreated Styrax tonkinensis and Cryptomeria japon¬ 
ica had similar values of brittleness. Flowever, heat-treated 
S. tonkinensis wood became more brittle depending closely 
on the heating conditions. Davis and Thompson 3 found the 
decrease in toughness even in short-duration treatment of 
less than lh in air. However, in our study, brittleness in¬ 
crease was not clearly observed because the decrease of 
toughness may have contributed to higher degradation in 
the presence of oxygen in the air. Wood became more brit¬ 
tle after exposure for a longer time or to higher tempera¬ 
tures. Brittleness could reach 60% or equivalent to four 
times higher than untreated wood for the most severe con¬ 
ditions of 200°C and 12 h. The tendency of increasing brit¬ 
tleness at 160°C follows the change of brittleness calculated 
from the data of Kubojima et al. 5 



Fig. 3. Changes in brittleness of Styrax tonkinensis due to heat treat¬ 
ment. Cross, untreated sample; open circle, Cryptomeria japonica sap- 
wood; filled circle, C. japonica heartwood 



0 5 10 15 

Heating time (h) 


Fig. 4. Changes in weight loss due to heat treatment 
Weight loss by heat treatment 

Figure 4 shows the weight loss caused by thermal degrada¬ 
tion. Both treatment temperature and treatment time ap¬ 
parently affected the weight loss. Figure 5 shows a close 
relationship between weight loss and brittleness (R 2 > 0.78). 
At 160°C, brittleness increases steadily with little change in 
weight loss. The reason for the increase in the brittleness at 
this relatively low temperature could be due to the degrada¬ 
tion and loss of amorphous polysaccharides, which are re¬ 
sponsible for tight combination of cellulosic fibers and the 
amorphous matrix including lignin. We can also suggest the 
possibility of lignin relocation. It is reported that the glass 
transition temperatures (broad transition, af) of Sitka 
spruce and sugar maple appear at 80° and 100°C, respec¬ 
tively, as determined by dynamic mechanical spectra, 11 at a 
moisture content of 10% (the same as our specimens before 
heating). In addition, Hatakeyama et al. 12 reported that the 
glass transition temperature of lignin was about 400 K 
(126°C), although the lignin was dried dioxane lignin iso- 
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lated from Japanese cypress, which might be different from 
protolignin. Thus, treatment at 160°C is probably enough 
to cause lignin molecules located between the fibril aggre¬ 
gates 13 to change their position and damage the adhesive 
linkage of lignin with cellulose fibrils. These changes are 
thought to be major factors contributing to the increase in 
brittleness at 160°C. On the other hand, at higher tempera¬ 
tures, weight loss contributed to further brittleness, which 
clearly means that degradation of amorphous polysaccha¬ 
rides becomes the main reason. 


Changes in crystallinity 

Figure 6 shows the X-ray diffractograms for the control and 
for samples treated at 160°C for 2h and 200°C for 12h. In¬ 
creases in the height of peaks 110,110 and 200 can be clearly 
observed. This leads to the increase in crystallinity index 
and crystallite size as shown in Table 1. The increase in 
crystallinity index over 2h of treatment is considered to be 
caused by the change from a semicrystalline region to a 


crystalline region. These additional crystallites are “newly 
formed” crystallites. However, when treated for a longer 
time, the crystallinity index decreases again, probably due 
to the degradation of newly formed crystallite. Thus, after 
such longer treatment, it is possible that only the inherent 
crystallites remain. The decrease in the amorphous region 
in wood after heat treatment results in increased crystallin¬ 
ity index. The same tendency was also observed by Anders- 
son et al. 7 The increase in the size of cellulose crystallites 
and the degradation of the amorphous part are the main 
structural changes in wood during heat treatment. The re¬ 
lationship between crystallinity index and brittleness is 
shown in Fig. 7. There are two different trends observed 
between the samples treated for 2h and those treated for 
longer times. This means, from the view of brittleness, new¬ 
ly formed crystalline cellulose (in the 2-h-treated sample) 
may demonstrate a different strength from inherent crystal¬ 
line cellulose (in the samples treated for longer times). The 
inherent crystalline cellulose possibly plays a role in brittle¬ 
ness (R 2 = 0.64), but the newly formed crystalline cellulose 
does not appear to do so (R 2 = 0.13). 



Fig. 5. Relationship between weight loss and brittleness. Solid lines are 
trend lines 
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Fig. 6. X-Ray diffractograms of control and heat-treated samples 


Table 1. Changes in equilibrium moisture content (EMC), color, crystallinity, and lignin content due to heat treatment 


Temperature 

(°C) 

Time 

(h) 

EMC 

(%) 

Color 



Crystallinity 

index 

Crystallite 
size (A) 

Lignin content 


(L*) 

(a*) 

(b*) 

Insoluble 

Acid soluble 

Control 

0 

9.2 

84.6 

0.8 

14.8 

0.31 

29.8 

24.4 

1.9 

160 

2 

7.3 

72.3 

2.8 

19.6 

0.36 

31.2 

24.7 

1.7 


4 

6.9 

68.5 

4.1 

20.8 

0.33 

30.4 

24.2 

2.1 


8 

6.5 

65.6 

4.8 

20.9 

0.33 

30.3 

24.6 

2.0 


12 

6.1 

64.8 

4.8 

21.8 

0.35 

30.5 

24.6 

1.8 

180 

2 

6.1 

63.6 

4.9 

20.8 

0.37 

32.2 

24.5 

1.5 


4 

5.7 

53.8 

6.7 

19.7 

0.34 

30.7 

25.1 

1.8 


8 

5.4 

43.2 

7.3 

17.1 

0.39 

31.8 

25.5 

2.1 


12 

5.4 

47.9 

7.3 

18.8 

0.40 

34.1 

25.4 

1.7 

200 

2 

4.9 

49.7 

6.8 

19.3 

0.37 

32.4 

24.4 

1.3 


4 

4.4 

36.3 

6.7 

14.6 

0.35 

31.7 

28.4 

1.6 


8 

4.4 

37.3 

6.9 

15.0 

0.36 

31.3 

27.7 

1.7 


12 

4.2 

33.5 

6.6 

13.7 

0.39 

32.9 

31.1 

1.6 
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Crystallinity index 

Fig. 7. Relationship between crystallinity index and brittleness. Solid 
lines are trend lines 
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Fig. 8. Relationship between lignin content and brittleness. Solid lines 
are trend lines. Symbols are defined in Fig. 3 


Changes in lignin content 

Lignin contents of heat-treated wood are shown in Table 1. 
An apparent increase in lignin content was observed during 
heat treatment. Figure 8 shows the relationship between 
lignin content and brittleness. The lignin content seems to 
affect the brittleness when wood is heated at higher 
temperatures. 

During heat treatment, the increase in crystallinity index 
in line with lignin content shows that thermal degradations 
mainly occurred in the amorphous region of wood that 
contains materials such as extractives, hemicellulose, and 
amorphous cellulose. This idea is supported by the decrease 
in neutral sugars in wood found in our previous report. 7 
Because the degradation of amorphous parts breaks or 
weakens the fiber matrix interaction (cohesive force), this 
degradation causes an increase in brittleness. 




— 
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Fig. 9. Relationship between L* and brittleness. Solid curves are trend 
lines 


Changes in color due to heat treatment 

Colors of heat-treated wood are shown in Table 1. At 
160°C, lightness (L*) was slightly decreased, while at higher 
temperatures, a significant decrease of L* was observed. 
Wood became darker and browner during heat treatment. 
The relationship between L* and brittleness is shown in 
Fig. 9. The relationship shows that if we know the heating 
temperature, we can predict the brittleness using the L* 
value (R 2 > 0.94). 


Conclusions 

This study investigated the brittleness of Styrax tonkinensis 
wood heated in N 2 gas from 160° to 200°C for 2-12 h. The 
respective relationships between the brittleness of wood 
and structural changes, lignin content, and color were 
examined. The findings of the study are summarized as 
follows: 

1. The brittleness of S. tonkinensis wood heat-treated in N 2 
gas from 160° to 200°C was estimated by using the load- 
deflection curve of static bending. The brittleness in¬ 
creased significantly after heat treatment. Under the 
most severe heat treatment conditions, brittleness could 
be increased by as much as four times that of the original 
brittleness. 

2. Lignin relocation was suggested as the cause of brittle¬ 
ness at relatively low temperature around 160°C, in ad¬ 
dition to the thermal degradation of amorphous parts. 
At higher temperature, loss of amorphous polysaccha¬ 
rides due to degradation is thought to become the main 
factor affecting brittleness. 

3. Crystallites that were newly formed after 2h of treat¬ 
ment possessed different brittleness compared with the 
inherent crystallites that remained after 12 h of heat 
treatment. The inherent crystalline cellulose possibly 
plays a role in brittleness, but the newly formed crystal¬ 
lites do not appear to do so. 
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4. There is the possibility of using color to predict the brit¬ 
tleness of heat-treated wood. 
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